AgRP neuron activity drives feeding and weight gain whereas that of nearby POMC neurons does the opposite. However, the role of excitatory glutamatergic input in controlling these neurons is unknown. To address this question, we generated mice lacking NMDA receptors (NMDARs) on either AgRP or POMC neurons. Deletion of NMDARs from AgRP neurons markedly reduced weight, body fat and food intake whereas deletion from POMC neurons had no effect. Activation of AgRP neurons by fasting, as assessed by c-Fos, Agrp and Npy mRNA expression, AMPA receptor-mediated EPSCs, depolarization and firing rates, required NMDARs. Furthermore, AgRP but not POMC neurons have dendritic spines and increased glutamatergic input onto AgRP neurons caused by fasting was paralleled by an increase in spines, suggesting fasting induced synaptogenesis and spinogenesis. Thus glutamatergic synaptic transmission and its modulation by NMDARs play key roles in controlling AgRP neurons and determining the cellular and behavioral response to fasting.
INTRODUCTION
Agouti-related peptide (AgRP)-expressing and proopiomelanocortin (POMC)-expressing neurons in the arcuate nucleus of the hypothalamus are important regulators of feeding and energy expenditure (Cone, 2005) . AgRP neurons are anabolic (i.e., promote feeding and weight gain) whereas POMC neurons are catabolic. The evidence supporting these functions is very strong. Genetic ablation (Bewick et al., 2005; Gropp et al., 2005; Luquet et al., 2005; Xu et al., 2005) or pharmaco-genetic inhibition (Krashes et al., 2011) of AgRP neurons decreases food intake; optogenetic (Aponte et al., 2011) or pharmacogenetic (Krashes et al., 2011) stimulation, on the other hand, drives intense food seeking behavior and feeding. In contrast, genetic ablation of POMC neurons or gene knockout of Pomc (Smart et al., 2006; Yaswen et al., 1999) , which encodes the protein precursor for the neuropeptide a-melanocyte stimulating hormone (aMSH), causes marked obesity; optogenetic stimulation, conversely, reduces food intake (Aponte et al., 2011) . Finally, mice lacking the melanocortin-4 receptor Huszar et al., 1997) , which is antagonized and agonized, respectively, by AgRP and aMSH, develop massive obesity.
Given the important roles played by AgRP and POMC neurons, there is great interest in understanding the factors that regulate their activity. To date, most effort has been placed on examining direct regulation by various circulating, blood-borne factors such as leptin, insulin, and ghrelin (Belgardt et al., 2009; Castañ eda et al., 2010; Friedman, 2009) . The role of upstream neural inputs, on the other hand, has received comparatively less attention. This is surprising given that both AgRP and POMC neurons receive abundant excitatory and inhibitory synaptic input (Pinto et al., 2004; Sternson et al., 2005; van den Pol, 2003) . Serotonergic tone provides additional regulation as evidenced by altered energy balance in mice with POMC neuron-specific manipulation of 5HT 2c receptors (Xu et al., 2008) . GABAergic input is also likely to be important given that leptin, the adipocyte-secreted catabolic hormone, disinhibits POMC neurons by direct actions on presynaptic GABAergic neurons (Vong et al., 2011) . Finally, as determined via laser scanning photostimulation in brain slices, POMC neurons receive glutamatergic input from neurons in the ventromedial nucleus of the hypothalamus (Sternson et al., 2005) . In contrast, much less is known about neural afferent regulation of AgRP neurons. As assessed by electrophysiology (frequency of excitatory postsynaptic currents) and electron microscopy (presence of asymmetric synapses onto AgRP neuron somas), glutamatergic input is increased in mice with genetic deficiency of leptin (Pinto et al., 2004) . In addition, in a recent report, it was shown that fasting activation of AgRP neurons is associated with increased frequency of excitatory postsynaptic currents . This was suggested to be caused by a ghrelin / ghrelin receptor / AMP-activated protein kinase pathway operating in presynpatic glutamatergic neurons . In the present study, we investigate the physiologic significance of glutamatergic neurotransmission to AgRP and POMC neurons.
Rapid, excitatory neurotransmission is mediated by glutamatergic ionotropic AMPA (AMPARs) and NMDA receptors (NMDARs). Upon activation by glutamate, Na + enters via AMPARs, depolarizing the neuron, whereas Ca 2+ enters via NMDARs, engaging signaling pathways that modulate the strength/plasticity of glutamatergic transmission (Collingridge et al., 2010; Kessels and Malinow, 2009; Malenka and Nicoll, 1999) . To evaluate the role of glutamatergic input to AgRP and POMC neurons, and more specifically its plasticity as regulated by NMDARs, we generated mice lacking NMDARs on either AgRP or POMC neurons. We accomplished this by crossing either Agrp-ires-Cre knockin mice (Tong et al., 2008) or PomcCre BAC transgenic mice (Balthasar et al., 2004) with mice bearing loxed alleles of the Grin1 gene (Tsien et al., 1996a) . Grin1 encodes NR1, a required subunit of the NMDAR. Consequently, deletion of Grin1 causes total loss of NMDAR activity (Tsien et al., 1996b) . Through such efforts, we have found that NMDARs on AgRP neurons, but not POMC neurons, play a critical role in controlling energy balance. Consistent with this, AgRP neurons, but not POMC neurons, have abundant dendritic spines, the postsynaptic specializations where most excitatory synapses reside and within which NMDARs operate to control plasticity (Bito, 2010; Higley and Sabatini, 2008; Yuste, 2010) . Finally, fasting-mediated activation of AgRP neurons, which serves to promote food-seeking behavior and conservation of energy (Aponte et al., 2011; Krashes et al., 2011) , is associated with markedly increased glutamatergic input, paralleled by and likely secondary to, at least in part, dendritic spinogenesis. Remarkably, the fasting-mediated increases in dendritic spines and glutamatergic neurotransmission, and the subsequent activation of AgRP neurons are all largely dependent upon the presence of postsynaptic NMDARs.
RESULTS

Deletion of Grin1 in AgRP and POMC Neurons
Agrp ires-Cre/+ knockin mice (Tong et al., 2008) and Pomc-Cre BAC transgenic mice (Balthasar et al., 2004) were crossed with lox-flanked Grin1 mice (Jackson Labs 005246) (Tsien et al., 1996a) (Kaelin et al., 2004) , and to a lesser degree with Agrp ires-Cre knockin mice (Tong et al., 2008) . In the present study, early embryonic deletion of the Grin1 lox allele was ruled out for all Agrp ires-Cre/+ , Grin1 lox/lox study subjects (see Figure S1 , available online, for details). In mice where brain slice electrophysiology was to be performed, Npy-hrGFP (van den Pol et al., 2009) or Pomc-hrGFP (Parton et al., 2007 ) BAC transgenes were crossed in for visualization of AgRP or POMC neurons. Of note, in the arcuate nucleus, NPY and AgRP are coexpressed in ''AgRP'' neurons (Broberger et al., 1998; Hahn et al., 1998 -block of NMDARs) and picrotoxin (to block GABAA receptor-mediated IPSCs), and AMPAR and NMDAR components were subsequently isolated using D-APV to block NMDARs and CNQX to block AMPARs (see Experimental Procedures for details). The stimulus chosen for evoking AMPAR-and NMDAR-mediated EPSCs in each case was that which produced half maximal EPSC amplitudes within the linear region of the stimulation strength-peak amplitude curve. Deletion of Grin1 in AgRP neurons ( Figure 1A ) or POMC neurons ( Figure 1C ) caused loss of evoked NMDARmediated EPSCs. We also assessed spontaneous EPSCs (in the presence of low external Mg 2+ and picrotoxin) and isolated AMPAR-and NMDAR-mediated components (Figures 1B and 1D) . As was true for the evoked currents, spontaneous NMDAR-mediated EPSCs were absent (i.e., below the level of detection) in neurons lacking Grin1 ( Figure 1B , AgRP neurons; Figure 1D , POMC neurons). The above studies demonstrate, as anticipated based upon prior work (Tsien et al., 1996b) , that NMDAR activity is absent in AgRP and POMC neurons lacking Grin1. Finally, deletion of Grin1 in AgRP neurons did not significantly alter the frequency or, importantly, the amplitude of AMPAR-mediated spontaneous EPSCs ( Figure 1B , right panel).
Energy Balance in Mice Lacking Grin1 in AgRP and POMC Neurons Body weight and fat stores were markedly reduced in Agrp-iresCre, Grin1 lox/lox mice (Figures 2A and 2B ). This was due, at least in part, to reduced 24 hr ad libitum food intake ( Figure 2C , left panel). Because fasting is known to activate AgRP neurons (Cone, 2005) , we also assessed food intake following a 24 hr fast. As shown in Figure 2C (right panel), rates of refeeding were markedly decreased in Agrp-ires-Cre, Grin1 lox/lox mice.
Energy expenditure (as O 2 consumption) was measured ( Figures  S2A and S2B ), but given the above-mentioned differences in body weight and body composition, which complicate normalization of O 2 consumption data (Butler and Kozak, 2010; Kaiyala and Schwartz, 2011) , conclusions regarding its status cannot be drawn. Locomotor activity, which is a contributor to total energy expenditure, was normal in Agrp-ires-Cre, Grin1 lox/lox mice ( Figure S2C Figure 2E ), fat stores ( Figure S2D ), and food intake ( Figure S2E) (reviewed in Cone, 2005) , fasting increased the expression of Agrp and Npy mRNAs, and decreased the expression of Pomc mRNA ( Figures 4B-4D ). Of importance, the fasting-mediated increase in Agrp and Npy mRNAs, which are both expressed in the AgRP neurons, but not the fasting-mediated fall in Pomc mRNA, which is expressed in the POMC neurons, was greatly attenuated in Agrp-ires-Cre, Grin1 lox/lox mice. Combined, the marked impairments in fasting-induced c-Fos, and Agrp and Npy mRNA expression caused by deletion of NMDARs, demonstrate that activation of AgRP neurons by fasting is largely dependent upon the presence of NMDARs. In contrast, but consistent with the lack of phenotype in Pomc-Cre, Grin1 lox/lox mice, the fasting-mediated fall in Pomc mRNA, and parenthetically the fasting-mediated increase in Agrp and Npy mRNAs, were unaffected by deletion of NMDARs from POMC neurons ( Figures 4B-4D ). To summarize, the fasting-mediated activation of AgRP neurons, but not the fasting-mediated inhibition of POMC neurons, is dependent upon the presence of NMDARs.
Effects of Fasting on Number of Dendritic Spines
Given the importance of NMDARs in fasting-mediated activation of AgRP neurons and in determining the density of dendritic spines on AgRP neurons, we investigated if fasting alters dendritic spine number. This possibility is of interest because spine numbers are plastic in the hypothalamus (Csakvari et al., 2007; Frankfurt et al., 1990) and spinogenesis in other brain regions is dependent upon NMDARs (Engert and Bonhoeffer, 1999; Kwon and Sabatini, 2011; Maletic-Savatic et al., 1999) . Of note, 24 hr of fasting markedly increased spine number on AgRP neuron dendrites (by 67%) ( Figure 5 ). Importantly, and consistent with the requirement for NMDARs in fasting-mediated activation of AgRP neurons noted earlier, this stimulatory effect on spine number was greatly attenuated in mice lacking (E) Body weight (males and females) of control (Grin1 lox/lox ) mice and POMC neuron-specific, Grin1-deleted (Pomc-Cre, Grin1 lox/lox ) mice. Data are expressed as mean ± SEM. *p < 0.05, **p < 0.01, unpaired t test compared to controls. The number of mice studied for each group is shown in parentheses. See also Figure S2 .
NMDARs on AgRP neurons. These findings suggest that dendritic spinogenesis, which requires the presence of NMDARs, plays an important role in fasting-mediated activation of AgRP neurons.
Effects of Fasting on Electrophysiology of AgRP Neurons
We next determined if the fasting-induced increase in spines translates into increased synaptic transmission and excitability of AgRP neurons, and, if so, whether these effects are also dependent on NMDARs. We first evaluated the effects of fasting on AMPAR-mediated synaptic input to AgRP neurons. Fasting doubled the frequency, but had no effect on the amplitude, of AMPAR-isolated spontaneous ( Figure 6A ) and miniature ( Figure 6B ) EPSCs (AMPAR-sEPSCs and AMPAR-mEPSCs, respectively). This finding is very similar to a recently published observation ). An increase in frequency without any increase in amplitude is consistent with an increase in active synapse number, a possibility that is likely given the fastingmediated increase in dendritic spines. Of note, the fastinginduced doubling in AMPAR-EPSC frequencies, similar to the increase in spines, was absent in brain slices from mice lacking postsynaptic NMDARs on AgRP neurons ( Figure 6 ). These findings are consistent with the possibility that the fasting-mediated increase in glutamatergic input is caused, at least in part, by the increase in dendritic spines and the increase in excitatory synapses that is expected to accompany it. The fasting-induced increase in EPSC frequency could also be caused by increased presynaptic release. To test if fasting increases presynaptic release probability, we assessed paired-pulse ratios (PPR = P2/P1) (Xu-Friedman and Regehr, 2004) in slices from fed and fasted Npy-hrGFP mice. Glutama- tergic input to AgRP neurons demonstrated paired-pulse depression and this was unaffected by fasting (PPR, mean ± SEM, fed = 0.67 ± 0.04, n = 23; fasted = 0.66 ± 0.05, n = 20) ( Figure S3 ). This lack of effect on PPR suggests that increased EPSC frequency with fasting is not secondary to changes in presynaptic release.
To investigate the influence of NMDARdependent regulation of glutamatergic input on excitability, we next assessed membrane potentials and firing rates of AgRP neurons (Figure 7 ). Fasting depolarized and markedly increased the firing rate of AgRP neurons. Note, a stimulatory effect of fasting on firing rate of AgRP neurons has previously been observed (Takahashi and Cone, 2005; Yang et al., 2011) . Importantly, and consistent with the findings presented above, the fasting-induced depolarization and increase in firing rates was absent in brain slices from mice lacking NMDARs on AgRP neurons (Figure 7 ). Of note, the fastingmediated increases in glutamatergic input ( Figure 6 ) and excitation (Figure 7 ) of AgRP neurons are congruent with, and likely account for, the requirement for NMDARs in the fastingmediated increases in c-Fos, Agrp and Npy mRNA in AgRP neurons, as well as the impairment in refeeding following fasting in Agrp-ires-Cre, Grin1 lox/lox mice.
Reversibility of Fasting-Induced Changes in EPSCs and Spines
Mice were fasted for 24 hr and then refed for up to 3 days to assess the reversibility, as well as the time course of reversibility, for fasting-induced changes in sEPSC frequency and dendritic spinogenesis. Following fasting, food intake was significantly elevated above ad libitum levels for up to 2 days, ultimately returning to normal by the third day of refeeding ( Figure 8A ). In agreement with our earlier results (shown in Figure 5 and Figure 6 ), fasting increased both EPSC frequency ( Figure 8B ) and the number of dendritic spines ( Figure 8C ). Following 3 days of refeeding, EPSC frequency and spine number both returned to normal in agreement with the normalization of food intake. Of note, following 1 day of refeeding when food intake remained elevated, sEPSC frequency and the number of spines were both intermediate between the elevated levels seen in fasted mice and the normal levels observed after 3 days of refeeding. The fact that dendritic spine number increases with fasting and then decreases with refeeding, with a time course that is similar to the changes observed in EPSC frequency and feeding, suggests strongly that changes in spine number, and likely the number of functional synapses, play key roles in fasting-induced increases in EPSC frequency and also fasting-induced, AgRP neuron-driven feeding.
DISCUSSION
In the present study, we have investigated the role of glutamatergic excitatory input, specifically, the modulation of its plasticity by NMDARs, in regulating the activity and function of AgRP and POMC neurons. Strikingly, deletion of NMDARs from AgRP neurons caused marked reductions in body weight, fat mass, ad lib food intake and fasted-induced refeeding; consequences that are expected to follow decreased activity of AgRP neurons. In sharp contrast, deletion of NMDARs from POMC neurons produced no changes in body weight, fat mass, or food intake, consistent with NMDARs playing little or no role in POMC neuron-mediated regulation of feeding and energy balance, at least under the normal housing and diet conditions employed in this study. If activity of POMC neurons had been reduced, as occurred with AgRP neurons, then Pomc-Cre, Grin1 lox/lox mice would have developed marked obesity because prior studies have established that the function of POMC neurons is to limit weight gain (Aponte et al., 2011; Smart et al., 2006; Xu et al., 2005; Yaswen et al., 1999) . Of interest, and in agreement with the important role of NMDARs on AgRP but not POMC neurons, we have found that AgRP neurons have abundant dendritic spines whereas POMC neurons, on the other hand, are essentially aspiny. The presence/absence of spines on AgRP versus POMC neurons could account for, or is at least likely related to, the plasticity-inducing, activity-regulating effects of NMDARs on AgRP neurons. This is because these specialized, femtoliter-order protrusions, along with the elaborate signaling pathways that are confined within, provide the neurobiological substrate for modulation of glutamatergic neurotransmission (Bito, 2010; Higley and Sabatini, 2008; Yuste, 2010) .
Role of NMDARs/Dendritic Spines in Fasting Activation of AgRP Neurons
Fasting is known to increase the activity of AgRP neurons (reviewed in Cone, 2005) . This response is likely to be important because optogenetic (Aponte et al., 2011) and pharmacogenetic (Krashes et al., 2011) stimulation of AgRP neurons drives intense food-seeking behavior, increased feeding and expansion of fat stores, whereas genetic ablation (Bewick et al., 2005; Gropp et al., 2005; Luquet et al., 2005; Xu et al., 2005) or pharmaco-genetic inhibition (Krashes et al., 2011) of AgRP (Agrp-ires-Cre, Grin1 lox/lox ) mice and POMC neuron-specific, Grin1-deleted (Pomc-Cre, Grin1 lox/lox ) mice. For (B-D), the number of mice studied for each group is greater than or equal to four. Data are from male mice and are expressed as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA followed by Tukey's HSD post-hoc test compared to controls as indicated in the figure. neurons reduces food intake. Remarkably, fasting-induced changes in AgRP neurons, such as increased c-Fos, Npy, and Agrp mRNAs, depolarization and increased firing rates, are all completely, or largely, in the case of c-Fos and Npy and Agrp mRNAs, dependent upon the presence of NMDARs on AgRP neurons (i.e., are absent or are greatly reduced in Agrp-iresCre, Grin1 lox/lox mice). Similarly, the fasting-induced augmentation of glutamatergic input to AgRP neurons, demonstrated by a 2-fold increase in the frequency of AMPAR-mediated spontaneous and miniature EPSCs, is also entirely dependent upon the presence of NMDARs. Given this, we favor the view that the fasting-induced increase in glutamatergic input drives the other fasting-related responses, specifically the increases in c-Fos, Npy, and Agrp mRNAs, depolarization and increases in firing rate. This would account for the NMDAR-dependence of each of these diverse responses. What then is responsible for the fasting-induced increase in glutamatergic input? Given that it is paralleled by an increase in dendritic spines, it is likely that dendritic spinogenesis, and the acquisition of new synapses that is expected to accompany it, plays an important role. The following three findings support this view. First, the increase and subsequent decrease in spine number with fasting and refeeding parallels the observed changes in EPSC frequency. Second, and importantly, fastinginduced spinogenesis, like the increased glutamatergic input, is similarly dependent upon the presence of NMDARs. Third, the fasting-induced increase in AMPAR-EPSC frequency occurs without any change in amplitude, which is consistent with an increase in synapse number.
Of note, two alternative explanations are possible for increased frequency without any change in amplitude and include increased release from presynaptic terminals, as recently suggested , and/or postsynaptic unsilencing of glutamatergic synapses (Kerchner and Nicoll, 2008) . We do not favor a presynaptic mechanism for the following three reasons: 1), fasting did not alter the paired-pulse ratio ( Figure S3) ; 2), postsynaptic NMDARs are required for the fasting increase in EPSC frequency ( Figure 6); and finally, 3) , importantly, the fasting increase in EPSC frequency is paralleled by dendritic spinogenesis, a harbinger for excitatory synaptogenesis, which is expected to cause increased frequency of EPSCs. Postsynaptic unsilencing, which could be affected by NMDARs, has to our knowledge not yet been reported in hypothalamic circuits. Although we are unable to exclude a role for these two alternative possibilities, and they may indeed be operating to a degree concurrently with the structural changes that we have observed, we favor the view, as stated above, that increased glutamatergic input brought about by fasting is caused, in large part, by dendritic spinogenesis and the expected increase in synapse number. Consistent with this, prior studies have shown spinogenesis to be modulated in the hypothalamus (Csakvari et al., 2007; Frankfurt et al., 1990) and, as will be discussed in a subsequent section, in other brain sites to be dependent upon NMDARs (Engert and Bonhoeffer, 1999; Kwon and Sabatini, 2011; Maletic-Savatic et al., 1999) .
With regards to fasting-induced spinogenesis and the possibility of new synapses, it is interesting to note that leptin treatment of leptin-deficient (Lepr ob/ob ) mice, which have at baseline many more excitatory synapses on the perikarya of AgRP neurons, quickly, within 6 hr of treatment, reduces synapse number (Pinto et al., 2004) . This rapid capacity for reorganization of synapses on AgRP neurons is of interest and could be related, in some way, to our findings involving dendritic spines. The nature of this relationship, however, is uncertain because the EM-detected excitatory synapses (Pinto et al., 2004) were on perikarya and not on dendritic spines. To summarize up to this point, we have put forth the following tentative model to account for fasting-mediated activation of AgRP neurons: fasting / dendritic spinogenesis / formation of new excitatory synapses / increased glutamatergic transmission / activation of AgRP neurons. In support of this view, we have observed that the increase in dendritic spines, an early step in the proposed model, requires postsynaptic NMDARs, a ''plasticity-driving'' receptor activated by glutamate. This then raises the distinct possibility that presynpatic release of glutamate, which then engages postsynaptic NMDARs on AgRP neurons, somehow initiates the spinogenesis. Consistent with this, previous studies have found that dendritic spinogenesis occurs in response to evoked synaptic glutamate release (Engert and Bonhoeffer, 1999; Maletic-Savatic et al., 1999) and also, very rapidly, following focal glutamate uncaging onto dendritc shafts (Kwon and Sabatini, 2011) . As was true with fasting, these studies similarly found a requirement for NMDARs. Combined, these observations suggest that glutamatergic afferents to AgRP neurons are very likely to play important roles in activating AgRP neurons-in promoting spinogenesis via release of glutamate that then engages NMDARs on AgRP neurons, in providing Effects of fasting on number of spines on AgRP neuron dendrites in control (Agrp-ires-Cre) mice and in AgRP neuron-specific, Grin1-deleted (Agrp-iresCre, Grin1 lox/lox ) mice. Data for each group was collected from n = 3 male mice (seven to nine neurons per mouse) and are expressed as mean ± SEM. **p < 0.01, unpaired t test compared to controls. Note, data shown in this figure for the two fed groups was previously presented in Figure 3B (labeled as 1 Agrp-ires-Cre and 2 Agrp-ires-Cre, Grin1 lox/lox in that figure) and is shown here again to permit comparison with the fasted groups.
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NMDARs on AgRP Neurons Control Feeding presynaptic partners for the new dendritic spines and, finally, in providing sustained activation of the nascent synapses.
Implications of NMDARs/Spines on AgRP Neurons
The marked effects caused by removing NMDARs from AgRP neurons reviewed above, in combination with the presence of dendritic spines on AgRP neurons but not on nearby POMC neurons, strongly suggests that glutamatergic neurotransmission, and its regulation via NMDARs, along with signaling events that are confined within dendritic spines, play key roles in regulating the activity of AgRP neurons. Dendritic spines, and the signaling within, serve three major functions, and each of these has important implications for mechanisms regulating AgRP neurons and feeding behavior. First, spines are the sites where excitatory afferents are received. Given that AgRP neurons drive feeding behavior (Aponte et al., 2011; Krashes et al., 2011) , these excitatory afferents must, by extension, be key, but presently unknown, drivers of food intake. Identifying these excitatory afferents should shed new light on neural circuits regulating feeding. Second, NMDARs/spines are mediators of plasticity (i.e., changes in strength of glutamatergic transmission). Given this, it is likely that mechanisms of plasticity, including long term potentiation, long term depression, and dendritic spinogenesis (Collingridge et al., 2010; Engert and Bonhoeffer, 1999; Kessels and Malinow, 2009; Kwon and Sabatini, 2011; Malenka and Nicoll, 1999; Maletic-Savatic et al., 1999) , play important roles in controlling feeding behavior.
Third, and of special relevance to hypothalamic neurons, dendritic spines serve as communication hubs where other ''inputs'' are integrated for the purpose of acutely and chronically modulating glutamatergic transmission. Notable examples of this include dopaminergic and cholinergic modulation, respectively, of glutamatergic transmission in the striatum (Kreitzer and Malenka, 2008 ) and hippocampus (Buchanan et al., 2010; Giessel and Sabatini, 2010) . It is likely that related forms of modulation occur within the spines of AgRP neurons. Modulatory input could come from release of other neurotransmitters, as in the examples noted above, and/or of great relevance to neurons in the arcuate nucleus where access to blood-borne factors is excellent, from various circulating hormones. One interesting possibility is ghrelin, a fasting-induced, orexigenic hormone that is known to activate AgRP neurons (Castañ eda et al., 2010; Cowley et al., 2003) and to affect dendritic spines (Diano et al., 2006) . Identifying the neurotransmitters along with their sources and, importantly, the hormones that modulate glutamatergic transmission to AgRP neurons, and the mechanisms by which this modulation occurs, is likely to provide a neurobiologic, mechanistic understanding of how various factors control feeding behavior. , Npy-hrGFP) mice. Representative traces are shown in the left panels of (A) and (B). Data are from male mice and are expressed as mean ± SEM. *p < 0.05, ***p < 0.001, unpaired t test compared to controls. The number of GFP-positive neurons studied for each group is shown in parentheses. See also Figure S3 .
Unless otherwise specified, mice were housed at 22 C-24 C using a 12 hr light/12 hr dark cycle with ad libitum access to standard pelleted mouse chow (Teklad F6 Rodent Diet 8664, 12.5% kcal from fat; Harlan Teklad, Madison, WI) and water.
Genetically Engineered Mice
The mice used in this study are shown below along with their original references and Jackson Laboratory stock numbers: Agrp ires-Cre/+ knockin mice (#012899) (Tong et al., 2008) , Pomc-Cre BAC transgenic mice (#005965) (Balthasar et al., 2004) , lox-flanked Grin1 mice (#005246) (Tsien et al., 1996a) , Npy-hrGFP BAC transgenic mice (#006417) (van den Pol et al., 2009) and Pomc-hrGFP BAC transgenic mice (#006421) (Parton et al., 2007) . The lox-flanked Grin1 mice were obtained from Jackson Labs. All other mice were from our mouse colony at Beth Israel Deaconess Medical Center where they originated. Breeding strategies are as described in Results.
Body Composition
Total fat and lean mass were analyzed using the EchoMRI system (Echo Medical Systems). Food Intake Male mice were singly housed for at least 2 weeks prior to assessing food intake. For the fasting-refeeding studies, food was removed and then replaced, 24 hr later, at 9 AM (at the start of the ''lights-on'' cycle). Food intake was then assessed over the ensuing 1, 2, 3, and 24 hr. Energy Expenditure, Respiratory Exchange Ratio, and Locomotor Activity These parameters were measured in male mice using the Comprehensive Lab Animal Monitoring System (CLAMS, Columbus Instruments, Columbus, OH). 
Figure 8. Reversibility of Fasting-Induced Changes in EPSCs and Spines
(A) Daily food intake in male Npy-hrGFP mice that were ad libitum fed, then fasted for 24 hr, and then refed for 3 days. Data for each group was collected from n R 3 male mice. (B) Effects of fasting and refeeding on AMPAR-mediated spontaneous EPSC frequencies in AgRP neurons within brain slices obtained from male Npy-hrGFP mice. The number of GFP-positive neurons studied ranges from 14-18 in each group. (C) Effects of fasting and refeeding on the number of spines on AgRP neuron dendrites in male Agrp-ires-Cre mice. Spines were counted using methods identical to those employed for data in Figures 3 and 5 . Spine data for each group was collected from three mice (seven to nine neurons per mouse). Data in (A-C) are expressed as mean ± SEM with **p < 0.01, ***p < 0.001, oneway ANOVA followed by Tukey's HSD post-hoc test compared to ad lib fed controls.
Mice were acclimated in the chambers for 48 hr prior to data collection. Mice had free access to food and water during these studies.
Stereotaxic Injection of AAV for Assessment of Spine Morphology
Four-week-old Agrp ires-Cre/+ mice or Pomc-Cre BAC transgenic mice were stereotaxically injected with cre-dependent AAV-DIO-mCherry (see below for details of virus), unilaterally, using techniques that have previously been described (Krashes et al., 2011) . The injections were aimed at the arcuate nucleus (coordinates, bregma: anterior-posterior, -1.40 mm; dorsal-ventral, -5.80 mm; lateral, ±0.30 mm) .
Tissue Collection for Histology Animals were deeply anesthetized by intraperitoneal injection of chloral hydrate (500 mg/kg per mouse) and subsequently perfused transcardially with diethylpyrocarbonate (DEPC)-treated, 0.9% phosphate buffered saline (PBS) followed by 10% neural buffered formalin. Brains were removed, stored in the same fixative for 4-6 hr at 4 C, transferred to a 20% sucrose DEPCtreated PBS, pH 7 at 4 C overnight, and cut into 30 mm coronal sections on a microtome.
Electrophysiology Studies Slice Preparation and Whole-Cell Recordings
Brain slices were prepared from young adult male mice (5-7-week-old) as previously described (Dhillon et al., 2006; Vong et al., 2011) . Briefly, 300 mM thick coronal sections were cut with a Leica VT1000S vibratome and then incubated in carbogen-saturated (95% O 2 /5% CO 2 ) aCSF at room temperature for at least 1 hr before recording. Slices were transferred to the recording chamber perfused with aCSF (in mM: 126 NaCl, 2.5 KCl, 1.2 MgCl 2 , 2.4 CaCl 2 , 1.2 NaH 2 PO 4 , 21.4 NaHCO 3 , 10 glucose) at a flow rate of $2 ml/min. The slices were allowed to equilibrate for 10-20 min before performing wholecell recordings. All electrophysiology recordings were performed at room temperature.
Evoked AMPAR-Mediated and NMDAR-Mediated EPSCs
To verify the deletion of NMDARs in AgRP neurons or POMC neurons, we performed whole-cell, voltage-clamp recordings in the presence of low Mg 2+ (MgCl 2 in aCSF was reduced from 1.2 mM to 0.1 mM) to avoid Mg 2+ -block of NMDARs, and 100 mM picrotoxin (PTX) to block GABAA receptor-mediated IPSCs. A stimulating electrode was placed near the VMH 300-500 mm from the recording electrode. Excitatory postsynaptic currents were evoked by 0.1 Hz stimulation. The stimulation strength chosen for evoking AMPARand NMDAR-mediated EPSCs in each case was to produce half maximal EPSC amplitudes within the linear region of the stimulation strength-peak amplitude curve. The evoked NMDAR-or AMPAR-mediated currents were constructed by averaging 12 EPSCs elicited at À60 mV. NMDA currents were calculated by subtracting the average response in the presence of 50 mm D-APV from that recorded in its absence. AMPA current was then calculated by subtracting the background currents (recorded in the presence of 50 mm D-APV and 30 mm CNQX) from that recorded in the presence of D-APV only. Excitatory Postsynaptic Currents EPSCs were measured in whole-cell voltage-clamp mode with a holding potential of À60 mV. The internal recording solution contained (in mM): CsCH 3 SO 3 125; CsCl 10; NaCl 5; MgCl 2 2; EGTA 1; HEPES 10; (Mg)ATP 5; (Na)GTP 0.3 (pH 7.35 with NaOH). Currents were amplified, filtered at 1 kHz, and digitized at 20 kHz. EPSCs were measured in the presence of 100 mM picrotoxin (PTX). Miniature EPSCs were recorded with 1 mm tetrodotoxin in aCSF recording solution. Frequency and peak amplitude were measured by using the Mini Analysis program (Synaptosoft).
Membrane Potential and Firing Rate
Membrane potential and firing rate were measured by whole-cell current clamp recordings from AgRP neurons in brain slices. Recording electrodes had resistances of 2.5-4 MU when filled with the K-gluconate internal solution (128 mM K-gluconate, 10 mM HEPES, 1 mM EGTA, 10 mM KCl, 1 mM MgCl 2 , 0.3 mM CaCl 2 , 3 mM Mg-ATP, and 0.3 mM Na-GTP, pH 7.35 with KOH). Liquid junction potential correction was performed off-line. Paired-Pulse Ratio Paired-pulse ratio (PPR) experiments were carried out to estimate release probability. The peak amplitude of excitatory postsynaptic currents (EPSCs) evoked by two identical electrical stimuli separated by 100 ms was measured.
PPR was calculated as the ratio of the peak amplitude of EPSC 2 /EPSC 1 . Stimulus artifacts from the paired-pulse traces have been deleted. To measure evoked EPSCs, we performed whole-cell voltage clamp recording (at À60 mV) in presence of 100 mM picrotoxin (added to aCSF). A stimulating electrode was placed near the VMH (300-500 mm from the recording electrode) as mentioned above. The internal recording solution contained (in mM): CsCH 3 SO 3 125; CsCl 10; NaCl 5; MgCl 2 2; EGTA 1; HEPES 10; (Mg)ATP 5; (Na)GTP 0.3 ; 10 lidocaine N-ethyl bromide (QX-314) (pH 7.35 with NaOH).
Dendritic Spine Morphology
Cre-dependent adeno-associated viral vector AAV-DIO-mCherry was constructed by modifying the AAV-DIO-ChR2(H134R)-mCherry vector kindly provided by Dr. Karl Deisseroth (http://www.stanford.edu/group/dlab/ optogenetics/sequence_info.html). Briefly, Asc1 and Nhe1 restriction sites were used to replace ChR2-mCherry fusion with mCherry alone (detailed methods in A.S. and B.L.S., unpublished data). The AAV-DIO-mCherry vector was then packaged into serotype 8 through the University of North Carolina Vector Core. AAV-mCherry virus (100 nl) at 1.5 3 10 12 viral mol/ml was then stereotaxically injected into the arcuate of AgRP-ires-Cre or POMC-Cre related animals at 4 weeks of age (as described above). 3 weeks later, animals were perfused and the brains were coronally sectioned at 30 mm thickness.
Immunostaining against mCherry with rabbit anti-DsRed primary antibody (Clonetech; 1:2,500) and with Alex-594-anti-rabbit secondary antibody (Invitrogen) was then performed as previously described (Kong et al., 2010) . Serial images of proximal dendritic structure labeled with mCherry immunoreactivity were taken under Zeiss confocal microscope (oil objective, 633). In the coronal sections, primary dendrites or major secondary dendrites within a distance of $150 mm from the soma that they originated from were imaged. These images were stacked using ImageJ software (1.44i version) for further analysis. The length of dendrites and diameter of spines were calculated according to the scale bars. Spine density was calculated by dividing total spine number to the length of the targeted dendrites.
c-Fos in AgRP Neurons
Each day, for 12 days prior to sacrifice, the mice were acclimated to handling. For immunohistochemical detection of c-Fos and GFP in Npy-GFP mice and in Agrp-ires-Cre, Grin1 lox/lox , Npy-GFP mice, animals were sacrificed at 10 AM in either the ad lib fed state or after 24 hr of fasting (food removed at 10 AM on the previous day). The mice were perfused and brains were sectioned as described above. Assessment of c-Fos induction was performed using a previously developed method (Fuller et al., 2011) modified for colocalization with hrGFP in AgRP neurons. Brain sections were processed for immunohistochemical detection of c-Fos and hrGFP and counting. Brain sections were washed in 0.1 M phosphate-buffered saline with Tween 20, pH 7.4 (PBST, 2 changes) and then incubated in the primary antiserum (rabbit polyclonal antibody agonist c-Fos, 1:150,000, AB-5, residues 4-17 from human c-Fos, Oncogene) for 2 days at room temperature. Sections were then washed in PBS and incubated in biotinylated secondary antiserum (Donkey anti-rabbit IgG, 1:1,000 in PBS, Jackson ImmunoResearch) for 2 hr, washed in PBS and incubated in avidin-biotin-horseradish peroxidase conjugate (Vector) for 2 hr. Sections were then washed again and incubated in a 0.06% solution of 3,3-diaminobenzidine tetrahydrochloride (DAB, Sigma) plus 0.02% H 2 O 2 .The sections were stained black with DAB by adding 0.05% cobalt chloride and 0.01% nickel ammonium sulfate. Sections were then washed extensively and incubated with chicken anti-GFP (1:1,000, Abcam) for 2 days at room temperature. Sections were then washed in PBS and incubated in biotinylated secondary antiserum (Donkey anti-chicken IgG, 1:1,000 in PBS, Jackson ImmunoResearch) for 2 hr, followed by a wash in PBS and incubation in avidin-biotin-horseradish peroxidase conjugate (Vector) for 2 hr. Sections were then washed again and incubated in a 0.06% solution of 3,3-diaminobenzidine tetrahydrochloride (DAB, Sigma) plus 0.02% H 2 O 2 . The sections were stained brown with DAB. Sections were then mounted, dried and stained with thionin, dehydrated and coverslipped. Cells in the section (À1.70 mm from bregma) were visualized and counted using a Zeiss microscope by an observer that was blinded to the condition or genotype of the mice. Data are expressed as the percentage of all AgRP neurons (i.e., all GFP-positive neurons) that were double-positive for c-Fos and GFP.
Assessment of Agrp, Npy, and Pomc mRNAs RNA was extracted from mouse hypothalami using STAT-60 Reagent (Isotex Diagnostics). cDNA was generated by reverse transcriptase (Clontech). Agrp, Npy, and Pomc were amplified from 0.5 ng of reverse-transcribed total RNA using TaqMan Universal PCR Mastermix (Applied Biosystems) with Agrp, Npy, and Pomc sense and antisense primers, and a dual-labeled probe (5 0 -FAM, 3 0 -TAMRA) (Applied Biosystems; assay on demand Mm00475829_g1, Mm00445771_m1, Mm00435874_m1, respectively). Standard curves were constructed by amplifying serial dilutions of cDNA (5 ng to 0.32 pg) and plotting cycle threshold (CT) values as a function of starting reverse-transcribed RNA. mRNA expression of Agrp, Npy, and Pomc was normalized to levels of the 18S ribosomal RNA housekeeping gene. Quantitative PCR was performed on Mx3000P instrument (Stratagene).
Statistics
Statistical tests, as noted in the figure legends, were performed using Origin 8.0 (OriginLab, Northampton, MA).
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